Arterial catheters are used frequently in intensive care units (ICUs). Clinical effectiveness and adverse events associated with the use of the catheters have not been formally evaluated in clinical studies.
obtained from Albert Einstein College of Medicine. Project IMPACT was developed to provide regular performance audits and feedback to participating ICUs. Participation was voluntary and ICUs paid for the service. Information was collected by on-site data collectors who were certified to ensure standardization in data definitions and entry. Hospitals participating in Project IMPACT tended to be larger and more urban than general-population hospitals, but were diverse in size and location. Data were either from consecutive admissions to each ICU or a random sample of admissions. Sites using the latter method collected information on 50% or 75% of all patients; the percentage was determined quarterly before data collection commenced.
We included only the patient's initial ICU admission for a given hospital stay. Available data included patient demographics (age, sex, race/ethnicity, and insurance provider), severity of illness as described by the Mortality Probability Model III-predicted hospital mortality at ICU admission (MPM 0 -III), 22 preference for cardiopulmonary resuscitation at ICU admission and during the ICU stay, Acute Physiology and Chronic Health Evaluation II (APACHE II) diagnostic category, 23 location before ICU arrival, need for cardiopulmonary resuscitation within 24 hours before ICU arrival, vital signs on ICU admission (heart rate >150 beats/min, systolic blood pressure <90 mm Hg, fraction of inspired oxygen required >50%), patient categorization (medical, emergency surgery, or elective surgery), comorbidities, year of ICU admission, and number of organs failing during the ICU admission. Comorbidities were defined by a list of 16 chronic conditions used for severity-ofillness score calculations. Explicit definitions for organ failure were provided by Project IMPACT. 24 Data on interventions included the use of invasive mechanical ventilation, the use of intravascular catheters (arterial, central venous, and/or pulmonary artery), and vasopressor administration by continuous intravenous infusion (epinephrine, norepinephrine, dopamine, phenylephrine, and/or vasopressin). Intensive care units and hospitals were characterized according to ICU type, ICU model (closed vs open), mean nurse to patient ratio, and hospital organization (city, state, or federal government; community; or academic).
Reporting of data on intravascular catheter use, including ACs, was mandatory in Project IMPACT. Patients were considered to have had an intravascular catheter if it was in place for any portion of the ICU stay, regardless of whether it was placed in the ICU or before ICU arrival. Arterial catheters were included if they were placed in the dorsalis pedis, radial, axial, femoral, or brachial arteries; documentation of the site was not required and was not consistently available.
Our primary outcome was hospital mortality. Other patientcentered outcomes included days requiring vasopressor support, days of mechanical ventilation, and ICU length of stay. We additionally evaluated the rate of packed red blood cell (PRBC) transfusions. The PRBC transfusions were hypothesized to be a negative consequence of AC use because of additional phlebotomy and/or bleeding at the catheter site. 25 We also conducted falsification analyses by testing for associations between AC use and 4 other interventions that were not presupposed to be related to AC use: platelet transfusions, paracentesis, lumbar puncture, and transesophageal echocardiography.
Cohorts
To reduce patient-level heterogeneity, for our primary analysis we assessed a primary cohort of medical patients (no surgery within the 7 days before ICU admission) who arrived in the ICU from any location other than the operating room or postanesthesia care unit and who required mechanical ventilation at any point during their ICU stay. Prior work established that there was large variability in the use of ACs in this population. 4 To evaluate the generalizability of our findings, we repeated the main analyses on 9 secondary cohorts: medical patients requiring mechanical ventilation in the (1) lowest, (2) middle, and (3) highest tertiles of MPM 0 -III; (4) medical patients requiring mechanical ventilation admitted to mixed medical-surgical ICUs in which AC use for surgical patients was within the 25th to 75th percentile of all mixed ICU use (to address issues of possible AC documentation errors); (5) all ICU patients (ie, not limited to medical patients or patients requiring mechanical ventilation); (6) all patients admitted to mixed medical-surgical ICUs; (7) all patients requiring vasopressors at any point during their ICU stay; (8) all patients with septic shock (as defined by the sepsis APACHE II diagnostic category plus the need for vasopressors at any point during the ICU stay); and (9) surgical patients (underwent surgery within the 7 days before ICU admission and were admitted to the ICU from the operating room or postanesthesia care unit) who re-quired mechanical ventilation at any point during their ICU stay.
Owing to the high rates of ACs placed for intraoperative purposes, for the surgical mechanically ventilated cohort, we defined AC use in the ICU as either placement in the ICU or placement before arrival in the ICU with removal more than 1 day after arrival in the ICU. In this analysis, all patients who died within 24 hours of ICU admission were excluded and comparison was made with surgical patients requiring mechanical ventilation who never had an AC.
Statistical Analysis
The statistical plan was determined a priori. Additional analyses were conducted as requested upon manuscript review.
Association Between AC Use and Hospital Mortality Five distinct analytic approaches were taken to assess the relationship between AC use and hospital mortality: (1) propensity matching (our primary analysis), (2) multivariate logistic regression without propensity adjustment, (3) mixed-effects multivariate regression without propensity adjustment, (4) multivariate logistic regression with propensity adjustment, and (5) stratification based on propensity quintiles. [26] [27] [28] Only the primary analysis (propensity matching) was performed for the secondary cohorts.
Propensity Score Calculation | A propensity score is a probabilistic measure that reflects the propensity of a patient, based on other characteristics, to receive an AC. This score is not a marker of whether particular patients received an AC but rather whether they were likely to do so given their characteristics. For each cohort, the propensity to receive an AC was calculated using multivariate logistic regression with AC use as the dependent variable and all available patient characteristics as the independent variables. 29-31 Clustering of patients within individual ICUs, which we a priori assumed would have a significant effect on the use of ACs, 4 was modeled by including the individual ICU as a fixed effect in the model. 32, 33 To allow for nonlinear relationships, continuous variables were included in the model as 4-knot cubic splines. 34 The success of the propensity score is determined by its ability to balance independent covariates between the patients who received ACs and those who did not. This covariate balance was assessed using standard mean differences.
Propensity-Matched Analysis (Primary Analysis)
Propensity matching is a technique in which quasi-case/control pairs are produced from a retrospective cohort. For our cohorts, patients who received an AC were matched to patients who did not receive an AC but had a similar propensity to do so. Matching was performed, after randomly ordering patients, using the psmatch2 algorithm 36 in Stata, version 11.1 (StataCorp), with 1 to 1 nearestneighbor matching without replacement and with maximal caliper distance of 25% of the SD of all propensity scores. In addition, exact matching was used for each covariate for which the propensity score did not achieve appropriate balance. Standard summary statistics were used to compare the baseline patient-, ICU-, and hospital-level characteristics between groups of propensity-matched cases and controls. The odds of hospital mortality were compared between the 2 matched groups using χ 2 statistics.
Multivariable Logistic Regression Without Propensity Adjustment
We used multivariable logistic regression to assess the association between hospital mortality and AC use after adjusting for all covariates. The individual ICU was included as a fixed effect.
Mixed-Effects Multivariable Logistic Regression Without Propensity
Adjustment We used mixed-effects multivariable logistic regression to assess the association between hospital mortality and AC use after adjusting for all covariates. All patient-level independent variables were entered into the model as fixed effects; the individual ICU was included as a random effect.
Multivariable Logistic Regression With Propensity Adjustment
The addition of propensity adjustment to a multivariate model has been advocated as a method to further adjust for confounders that may be related to the independent and the dependent variables. 37 In this analysis, we performed the same multivariate logistic regression outlined in the previous section with the addition of the propensity score as an independent variable to calculate the adjusted odds of hospital mortality associated with AC use.
Stratification Based on Propensity Quintiles
Stratification based on propensity percentiles is a method for comparing outcomes among patients with a similar likelihood of receiving the intervention (eg, AC use). Stratification into quintiles is commonly used because it is adequate to remove 90% of all bias. 38 We divided our primary cohort into quintiles of propensity score and evaluated the odds of hospital mortality associated with AC use within each quintile. Combination of these odds ratios (ORs) into a single OR across the entire cohort was done using the Mantel-Haenszel method.
39
Sensitivity Analysis to Address Potential Immortal Time Bias | Immortality bias arises when patients in a retrospective analysis who are exposed to the intervention of interest have their exposure at varying times after the start of the study period.
40,41
These individuals must have survived until their intervention, making them "immortal" in the time preceding it. Thus, exposed patients are biased toward better survival outcomes than their nonexposed counterparts who do not experience this immortal time. To address this potential bias, we conducted a sensitivity analysis of patients in the primary cohort who survived for at least 2 days, comparing matched pairs of those who received an AC during their first ICU day vs those who never received an AC.
Association Between AC Use and Other Patient-Centered Outcomes
Using the primary analytic strategy (propensity matching), we evaluated the association between AC use with vasopressor days (the total number of ICU days on which the patient received ≥1 vasopressor agents), mechanical ventilation duration (the first episode as well as the total number of days requiring mechanical ventilation), and ICU length of stay. Because these outcomes are also subject to immortal time bias, we conducted these analyses for the primary cohort of medical patients requiring mechanical ventilation as well as the subset of these patients who were in the ICU on day 2 and with or without an AC on day 1.
Association Between AC Use and Other Interventions
We assessed the association between AC use and PRBC transfusions using propensity matching applied to the primary cohort of medical patients requiring mechanical ventilation. To exclude patients who received transfusions for treatment of gross hemorrhage, we restricted transfusion outcomes to patients who received at most 2 U of PRBCs on any given day. Because we assessed the number of PRBCs transfused per day, we excluded patients in whom ICU length of stay was not recorded. A total of 3481 patients (5.7% of the primary cohort) were excluded. After these exclusions, we performed the propensity scoring and matching. For falsification analyses, 42 we also evaluated 4
interventions that we hypothesized would not be associated with AC use: platelet transfusion, paracentesis, lumbar puncture, and transesophageal echocardiography. Because many patients received none of these interventions, comparisons used zero-inflated negative binomial regression modeling on the matched patients, with the ICU length of stay as an offset and the AC status being the sole independent variable; in such a model, the exponentiated coefficient represents the rate ratio of units of the intervention per ICU day associated with having had an AC. 43 Database management and statistical analyses were performed using Excel (Microsoft) and Stata, version 11.1 (StataCorp). 
Results

Characteristics of Matched Cohort
Hospital Mortality
Using propensity matching, we demonstrated no association between AC use and hospital mortality in the primary cohort of medical patients requiring mechanical ventilation: the OR for hospital mortality associated with having an AC was 0.98 (95% CI, 0.93-1.03) ( Table 2 ). The hospital mortality was 35.5% for patients who received an AC and 36.0% for patients who did not. Each of the 4 alternative statistical analyses yielded similar findings, as did the sensitivity analysis focused on minimizing immortal time bias (eTable 4 in the Supplement). In 8 of the 9 secondary cohorts, propensity-matched analysis revealed no association between AC use and mortality ( Figure) . In patients requiring vasopressors, the odds of death was increased in patients who received an AC (OR, 1.08; 95% CI, 1.02-1.14; P = .008).
Secondary Patient-Centered Outcomes
Days requiring vasopressors, duration of mechanical ventilation, and ICU length of stay were all greater for patients who received ACs (eTable 5 in the Supplement). Restriction to the subset of patients who had ACs on day 1 and survived at least until day 2 did not alter the results.
Association With Other Interventions
In the primary cohort of medical patients receiving mechanical ventilation, we found no association between PRBC transfusions and AC use (rate ratio, 0.99; 95% CI, 0.82-1.19; P = .91) ( Table 3) . Similarly, we found no association between platelet transfusion, paracentesis, lumbar puncture, or transesophageal echocardiography and AC use.
Discussion
In this propensity-matched cohort analysis, we found no association between AC use and hospital mortality in medical ICU patients who require mechanical ventilation. Our results were robust through 4 different modeling methods. Similarly, in the analyses of 8 of 9 secondary cohorts, we found no association between AC use and hospital mortality. In one secondary cohort (patients requiring vasopressors), AC use was associated with an 8% increase in the odds of death.
We found no other study that reports clinically meaningful outcomes associated with AC use. There is a growing number of studies, however, evaluating the impact of other monitoring devices that are generally made available with less scrutiny than is required for pharmacotherapeutics. 44 First, pulmonary artery catheters, once commonly used in the ICU, are being used less frequently. [45] [46] [47] Although replacement with noninvasive monitors likely accounts for some of this decline, it likely is also because of the growing evidence that these catheters do not improve outcomes. [48] [49] [50] [51] [52] Second, a For our primary cohort and 8 of the 9 investigated secondary cohorts, we found no association between AC use and outcomes. There are 2 potential interpretations of these results. The first is that there is no mortality benefit associated with AC use for ICU patients. Alternatively, despite attempts to adjust for confounders, residual confounding remains. Were this to be the case, it is plausible that no mortality effect was detected with ACs because patients who receive ACs are more likely to die, which use of ACs ameliorates. The replication of our results across multiple analyses for the primary cohort and multiple secondary cohorts makes this latter explanation less likely. However, concerns regarding residual confounding can never be eliminated in observational analyses.
Monitoring devices come with increased risks and costs. Prior studies 60, 61 have found AC use to be associated with more phlebotomy and laboratory testing in the ICU. We did not have access to blood sampling practices for our patients; instead, we used a surrogate marker-PRBC transfusions-to evaluate the potential morbidity of AC use as a result of increased phlebotomy. Arterial catheter use did not result in increased PRBC transfusions in our cohort. However, it is possible that increased phlebotomy-and laboratory testing-occurred but was not sufficient to result in excess transfusions. Increased phlebotomy in the ICU has been shown 62 to raise costs without conferring any benefit. In addition, all diagnostic tests have falsepositive rates, which frequently result in unnecessary, often invasive, additional testing.
63-67
The strength of our study stems from the robustness of our results across multiple cohorts and analytic methods. Our study is limited by the fact that receipt of ACs by individual patients was not random, and we cannot exclude the potential for residual confounding, treatment indication bias, or immortal time bias, which would be required to establish causality. Therefore, our findings should be viewed as hypothesis generating similar to the work by Connors et al 48 on pulmonary artery catheters. Because of that initial propensity-matched cohort analysis, numerous randomized clinical trials were performed, none of which supported the belief that pulmonary artery catheters save lives in the ICU. 49-52 Nearly 2 decades later, it may be prudent to embark on a similar set of investigations into the usefulness of ACs. In addition, our data set did not allow us to assess why patients had ACs placed or how information from ACs was used. Having these data would not have changed our main results, but may have allowed us to better understand possible drivers of use. Our data set included patients admitted from January 1, 2001, to December 31, 2008. Although we know that AC use patterns in ICUs in the United States did not change substantially during that time, 4 it is possible that meaningful change that we could not capture has occurred more recently. Finally, we were unable to identify matching pairs for 43.6% of the patients who had an AC in our primary cohort. The patients with an AC who we could match had statistically significantly different baseline characteristics (eg, fewer vital sign abnormalities on ICU admission, less use of vasopressors and other intravascular catheters, and less multiorgan failure) (eTable 6 in the Supplement) compared with those who had an AC and were unable to be matched. Our final matched Abbreviations: IQR, interquartile range; RR, rate ratio. a Analyses were done using a propensity-matched strategy; the case-matched cohort was recreated including patients who received mechanical ventilation at some point during intensive care unit (ICU) admission who did not undergo surgery within the 7 days prior to ICU admission and were admitted to the ICU from any location other than the operating room or postanesthesia care unit (primary cohort). Excluded patients included those for whom ICU length of stay data were unavailable and those who received more than 2 U of packed red blood cells on any single day; the number of matched pairs based on these exclusions was 12 796. b Calculated using zero-inflated negative binomial regression (offset by ICU length of stay). Analyses were done using a propensity-matched strategy. ICU indicates intensive care unit; MPM 0 -III, Mortality Probability Admission Model-predicted hospital mortality at ICU admission to third iteration; MV, mechanical ventilation; and OR, odds ratio.
